We present a MEMS microphone that converts the mechanical motion of a diaphragm, generated by acoustic waves, to an electrical output voltage by capacitive fingers. The sensitivity of a microphone is one of the most important properties of its design. The sensitivity is proportional to the applied bias voltage. However, it is limited by the pull-in voltage, which causes the parallel plates to collapse and prevents the device from functioning properly. The presented MEMS microphone is biased by repulsive force instead of attractive force to avoid pull-in instability. A unit module of the repulsive force sensor consists of a grounded moving finger directly above a grounded fixed finger placed between two horizontally seperated voltage fixed fingers. The moving finger experiences an asymmetric electrostatic field that generates repulsive force that pushes it away from the substrate. Because of the repulsive nature of the force, the applied voltage can be increased for better sensitivity without the risk of pull-in failure. To date, the repulsive force has been used to engage a MEMS actuator such as a micro-mirror, but we now apply it for a capacitive sensor. Using the repulsive force can revolutionize capacitive sensors in many applications because they will achieve better sensitivity. Our simulations show that the repulsive force allows us to improve the sensitivity by increasing the bias voltage. The applied voltage and the back volume of a standard microphone have stiffening effects that significantly reduce its sensitivity. We find that proper design of the back volume and
INTRODUCTION
A MEMS microphone is a type of acoustic sensor that transduces acoustic signals into electrical output. MEMS microphones are widely used in many applications such as hearing aids [1, 2] , sound localizations [3] , surveillance systems [4] , consumer electronics (e.g. smart phones and tablets) and speech recognition systems [5] . Among different sensing mechanisms, capacitive sensors are the most common in MEMS microphones because of their high stability, sensitivity and signal to noise ratio [6] [7] [8] [9] [10] [11] . A capacitive based microphone consists of two parallel electrodes (a diaphragm and a back plate) that produces output voltage from the movement of the electrically loaded diaphragm in response to sound pressure variation on its surface area.
Microphones may be classified by their sensitivity, noise performance, frequency bandwidth, dynamic range and directivity (directional or non-directional) [12] . The sensitivity of the capacitive microphone is proportional to the applied bias voltage and the surface area of the diaphragm and is inversely proportional to stiffness of the springs [6, 7] . Hence, to improve the sensitivity, it is necessary to increase the surface area of the diaphragm and bias voltage or to reduce mechanical stiffness. Increasing the size of the microphone is against the miniaturization trend and decreasing the mechanical stiffness has limited poten-tial. The alternative way to increase the sensitivity of the microphones is to increase the bias voltage; however, that is severely limited by the pull-in voltage of the parallel-plate electrodes. To address this challenge, we investigated a MEMS microphone that uses repulsive force fingers to detect the variation of mechanical movement of a diaphragm caused by the sound pressure.
The concept of repulsive force was introduced for large stroke electrostatic actuation by He et al. [13] . The main purpose of our study is to investigate the application of this concept for a capacitive MEMS microphone. By properly designing of the microphone, one can generate a repulsive force on the moving fingers, pushing the diaphragm away from the substrate. This property eliminates the undesired pull-in effect and allows increasing the bias voltage to achieve higher sensitivity.
The structure of the paper is as follows: First, we give some background for MEMS microphones and the relation between design parameters and sensitivity. In this part, we also review some alternative methods to avoid pull-in instability. Second, we describe the model and governing mathematical equations. Then, we investigate the effect of air slits and back volume on the response of the diaphragm. Last, we discuss simulation results and give a conclusion.
MICROPHONE BACKGROUND
Advancing MEMS fabrication technology encouraged researchers to develop new silicon microphones after their first fabrication by Royer et al. [14] . Most conventional microphones consist of a rotating or a translating diaphragm and a back plate. As a sound pressure wave reaches the diaphragms surface, it deflects. This deflection produces an electrical output. Almost all microphone types such as piezoelectric, piezoresistive, optical and capacitive microphone work on this principle.
Piezoelectric and Piezoresistive Microphones
Piezoelectric microphones use the piezoelectric effect to produce an electric output from the diaphragm deflection [15] . Piezoelectric ceramics can perform up to very high frequency ranges, which is advantageous for microphone performance [12] . Some applications include aircraft noise detection [16] , or audiorange sensing [17] . William et al. [16] reported the sensitivity as 39 µV/Pa. Frequency bandwith was up to 20 kHz and the resonance frequency was 129.5 kHz. The microphone by Baumgartel et al. [17] had greater than 2.5 mV/Pa unamplified sensitivity between 0.24 kHz-6.5 kHz.
Piezoresistive microphones use the piezoresistive effect of silicon to obtain an electrical output. Stress sensitive material is doped on the membrane. A stress in the membrane creates a change in the resistance that corresponds to electric current by the piezoresistive mechanism. The sensitivity of these type of microphones can be increased by having larger bias voltage. However, induced current increases temperature and causes thermal noise. In addition to high thermal noise these microphones have poor dynamic range [12] and low sensitivity compared to other types [15] .
In 2014, Zhou et al. [18] presented a piezoresistive aeroacoustic microphone with the sensitivity of 0.33 µV/V/Pa and high frequency bandwidth of 520 kHz. The authors investigated the mechanical response of the device with different damping designs for the squeeze film damping effect. They also mention that significant amount of strong mechanical resonance is attenuated with their design.
Optical Microphone
Optical microphones were introduced for accurate acoustic measurements in harsh environments that experience a wide temperature range. Using integrated light modulators, light signals are converted into electric outputs by optical microphones [19, 20] . The optical microphones were presented as an alternative method to avoid pull-in [21, 22] . The challenge with optical microphones is the need for an external stable reference light that does not affect the sensitivity of the device because the sensitivity is independent of diaphragm area and is related to the reference light source.
Capacitive Microphones
Like other types of microphones, capacitive microphones have movable, thin diaphragms and back plates. The capacitive transduction mechanism is the most common type used because of its high stability, sensitivity and signal to noise ratio. However, the microphones suffer from pull-in instability, which causes the diaphragm and back plate to stick to each other above a certain voltage because of the electrostatic attractive force between the plates. To overcome this instability, researchers developed different designs for capacitive microphones such as dual back plates [23, 24] .
During the years, capacitive microphones have evolved a great extent. Developing MEMS fabrication technology encourages researchers to have the opportunity for improving and minimizing the silicon microphones after its first fabrication by Royer et al. [14] . In 1984, a capacitive MEMS microphone was reported by Hohm et. al [25] . The device had the resonance frequency of 8.5 kHz. The sensitivity was reported as 3 mV/Pa at the operation voltage of 350 V and frequency of 1 kHz. The measured capacitance was around 9 pF. In 1994, Berqvist et al. [26] presented the first electroplated capacitive microphone. For 28 V of applied bias voltage, the sensitivity was measured as 1.4 mV/Pa. The dynamic range was limited by the resonance frequency of around 14 kHz for this device with the total capacitance of 5.4 pF. In 2002, Rombach et al. [23] presented the first low-noise, low-voltage, directional, dual back plate microphone. At 1 kHz and 1.5 V bias voltage, the sensitivity was reported as 13 mV/Pa. In 2014, Miles et al. [27] presented a MEMS lownoise, pressure-gradient, directional microphone by using interdigitated comb fingers. They reported high sensitivity to sound pressure gradients. 
Sensitivity
In MEMS capacitive sensor design, sensitivity is one of the most important factors as well as stability and dynamic range. The sensitivity is the ratio of the output change over the input change. It has two parts: mechanical and electrical sensitivity. Mechanical sensitivity is the increase in the deflection of the moving plate as the pressure increases. Electrical sensitivity is the capacitance change as the deflection increases. These sensitivities can be represented as
where ∆y, ∆θ, ∆P and ∆C are the changes of position of the moving plate (deflection), rotation angle, pressure and capacitance, respectively. The effect of key design parameters of a non-directional capacitive microphone on the overall sensitivity is estimated by 
, where A is the diaphragm area, d is the air gap between diaphragm and backplate, K is the spring stiffness or effective stiffness of the device and V bias is the applied bias voltage. For parallel plat electrodes, the bias voltage is limited to the pull-in voltage calculated by V p = (8/27) · (Kd 3 /(εA) where ε is air permittivity. Table 1 provides a summary of the effect of microphone design parameters on sensitivity, capacitance, noise, and pull-in voltage. To create a high performance microphone, all of these parameters should be designed together. In this study, we present a MEMS microphone using repulsive force sensors that avoid pull-in instability to achieve high sensitivity.
MODEL DESCRIPTION AND OPERATION PRINCIPLE Electrostatic Actuation and Repulsive Force
Micro-devices employing electrostatic force are widely preferred in the MEMS area because of their low fabrication cost, small size, and ease of integration into various systems [28] . The electrostatically actuated devices have been designed with different configurations of parallel plate actuators. In this type of actuation, there are two electrodes: one is moving and the other is fixed. The moving electrode deflects towards to the fixed one when a specific electrostatic load is applied. The deflection occurs from the electrostatic force generated by an electric field between these charged plates [29] . However, as the applied electrostatic load goes beyond a certain limit, it causes a dramatic collapse of the upper plate, which sticks to the fixed one by the attractive force. The main reason of this collapse is the restoring force that can no longer overcome the electrostatic attractive force. This phenomenon is called as pull-in instability and to avoid it, many presented studies have used techniques such as comb-drive fingers, fringing-field based configurations [30] [31] [32] [33] and repulsive force (out-of plane) designs [13, 34] .
MEMS devices that use comb-drive actuators may avoid pull-in, but they suffer from low travel ranges. To extend their stroke they are actuated around their resonance frequencies [30] .As an alternative to comb-finger actuators, fringing electrostatic field type actuators were presented by Lee et al. [30] . In this type of actuation mechanism there are basically two stationary electrodes and one moving plate or beam. In this method, an electrostatic load is applied to stationary electrodes and the moving plate is grounded. A generated electrostatic field induces the electrostatic force to displace the moving plate. The repulsive force is another method to overcome pull-in instabilities [13] . The force is induced by the asymmetric electrostatic field of the moving and fixed fingers. A MEMS actuator using repulsive force is a widely studied subject in literature [35] [36] [37] [38] . However, it has been used for only actuation mechanisms. In 2015, Zhou et al. [39] proposed that this method is also a promising alternative to avoid pull-in instabilities for capacitive sensing mechanisms. In this paper we will investigate the application of the electrostatic repulsive force for a microphone design.
Repulsive Sensor Unit Cell Design
The unit cell of the repulsive sensor is composed of moving fingers attached to a diaphragm, voltage fixed fingers and grounded fixed fingers, Figure ( 2). This configuration was introduced by He et al. [13, 35] to produce a repulsive force (outof-plane) on the moving finger for actuation. In a prior study, the authors presented the feasibility of using the repulsive force concept as a sensing mechanism for micro devices [39] . In a unit cell of the sensor, a net repulsive force is generated on the moving finger by the electrostatic attractive forces of the fixed electrodes on both sides of the moving finger. The role of the grounded fixed finger is to break the symmetry in the electrostatic field of the moving finger so the forces on its top surface become larger than its bottom surface, creating a net repulsive force that pushes the moving finger away from the substrate. The microphone design using the repulsive force sensor is depicted in Figure ( 3) with the parameters listed in table 2. The material is assumed to be polysilicon. The diaphragm is suspended using two short cantilever beams fixed on the substrate. The repulsive force acting on the moving fingers will result in the rotational motion of the diaphragm around the rotation axis. The stiffness and mass moment of inertia of the model were obtained from finite element package of ANSYS. Three modes of the vibration of the diaphragm are presented in Figure (4) .
There are a number of fingers attached to three sides of the diaphragm. We simulate various scenarios to obtain maximum electrostatic force. FEM Simulations are done for four different cases: Case 1) We choose the thickness and width of all the fingers as 2 microns and 3 microns, respectively. Case 2) the thickness and width of all the fingers are chosen as 2 microns and 4 microns, respectively. Case 3) The thickness and width are selected as 2 microns and 5 microns, respectively. Case 4) For the last scenario, to increase the electrostatic force, the width of all the fingers and the thickness of the voltage fixed finger are 4 microns, but the thickness of other fingers are 2 microns. The electric field distribution for the unit cell of the last scenario is depicted in Figure ( 2). 
MATHEMATICAL MODEL
For a simplified lumped-parameter model of the diaphragm, the governing equation for rotational motion is given by [27] 
where I is the mass moment of inertia of the diaphragm about the y axis. K t is the stiffness of the structure, C t is the torsional damping constant, T is the applied moment by the sound pressure. C is the capacitance that is found from the finite element package of COMSOL.
Estimating Capacitance using finite element method
To find the total capacitance of the model, we first find the capacitance for a unit cell of the repulsive sensor (Figure (2) ) using COMSOL and then integrate it across the moving finger length to find the total capacitance of the device used in the Equation (3). The unit cell capacitance is a function of the vertical Table 2 . travel of the moving finger as plotted in Figure (5a) . The corresponding repulsive force is obtained from F = In order to predict the dynamic response of the system using Equation (3), capacitance must be written in a mathematical function, which is found from a polynomial fitting (7 th order) on the finite element capacitance data of Figure (5a) when w f =4 µm, t f =4 µm and t p =2 µm. The initial gap for three different widths (3, 4 and 5 µm) are chosen as 1.5 µm, 2 µm and 3 µm , respectively. These values are chosen for the diaphragm to oscillate about noting that the initial force obtained is repulsive ( Figure  (5b) ). In this figure the repulsive force regimes also are shown for each case. The function for the capacitance per unit length is given in Equation (4) where a 0 through a 7 are the coefficients listed in Appendix A for all cases.
STATIC AND DYNAMIC SIMULATIONS
The static equilibrium position of the diaphragm can be found by assuming static pressure is negligible and setting the time functions to zero in Equation (3) which yields
Because the diaphragm has small rotations from the sound pressure, we can linearize the equation of motion using a Taylor expansion [27] . We assume ψ as a small rotation due to the sound pressure around the equilibrium rotation angle of θ 0 . Then we substitute θ = θ 0 + ψ in the Equation of Motion (6) and apply the Taylor series expansion. This yields to
Taylor expansion of dC dθ |(θ 0 + ψ) can be expressed as
If we substitute Equation (7) in Equation (6), it yields
where
dθ 2 |(θ 0 ) can be redefined as K e f f which is the effective stiffness of the model. Depending upon the applied bias voltage and the second derivative of the capacitance with respect to the rotation angle, the frequency response of the diaphragm can shift to the left or right. For small rotations, the dynamic response can be assumed linear and one can find the the transfer function between the rotation angle ψ and the moment by the 
where ω is the driving frequency. The harmonic sound wave pressure can be expressed as P =Pe j(ωt) . Here,P is the amplitude of the pressure, ω is the frequency of the sound wave. The applied moment from the sound pressure is written as T (t) = PAL p /2 where P is function of pressure with respect to time, A is the surface area of the diaphragm and L p is the length of the diaphragm. Using these equations, we can determine the transfer function between rotation angle and pressure as
To obtain the electric voltage output, a charge amplifier circuit is used as in Figure (6 ). The advantage of using the charge amplifier is that the overall sensitivity is not affected by parasitic capacitance [15] . The amplifier has a direct effect on the sensitivity of the sensor so we have to find the electrical sensitivity by obtaining transfer function between output voltage and the rotation angle of the diaphragm. The electrical output (acoustic sensitivity) of the device may be determined by
Equation (12) gives the acoustic sensitivity of a rotating microphone. However, all of the air openings and the back volume of the microphone design have to be taken into consideration. In the next section we will present the related derivations to better understand the effect of back volume and air slits based on the study presented by Cui et al. [40] .
Back Volume and Air Vent Effects
Back volume has an important effect on diaphragm response as it increases the effective stiffness and damping of the device. To investigate the effect of air openings in our model we assumed a piston-like translational motion as depicted in Figure (3 be given as:
where m, k and C are the effective mass of the diaphragm, its mechanical stiffness and the damping coefficient, respectively. The mechanical stiffness and damping coefficients may be found as k = 4π 2 f 2 m and C = 2ζ √ k · m, respectively. In these equations f is natural frequency and ζ is damping ratio. Our simulations are done by assuming ζ as 0.05. P is pressure from incoming sound wave and A is the surface area of the diaphragm. The volume in the back chamber will behave as a spring and increase the stiffness during the motion of the diaphragm. The pressure (P d ) resulted by the air molecules in the back volume exerts a force on the diaphragm and this force is balanced by a restoring force when the diaphragm moves out of plane.
FIGURE 7:
The figure shows the air vent areas such as slit and overlapped area.
The stiffness (K d ) of the fluctuating air molecules in the air chamber may be found as follows :
where ρ 0 is density of air, c is sound speed, V is back volume. From equation (14) stiffness can be found as K d = ρ 0 c 2 A 2 /V which effects mechanical stiffness and needs to be added to Equation (13) . Hence, total mechanical stiffness becomes (k + K d ). In addition to back volume, slits (air vents around the diaphragm to release diaphragm from the substrate) also have an effect on the response of the microphone. The fluctuating air in the slit behaves like a moving mass (m a ) and causes coupling in the response of the diaphragm. With the same approximation in Equation (14), it can be given as
where A a is the area of the air slits and air openings under the diaphragm as seen in Figure (7 ). In our model A a = L slit × w slit + H × (2L p + W p ). From Equation (15) stiffness from air openings can be found as K aa = ρ 0 c 2 A 2 a /V. The motion of this air mass also exerts a force on the diaphragm. This force may be obtained as
where K ad = ρ 0 c 2 A a A/V. Also, the flapping of the diaphragm generates a force on the air mass. It can be written as
where K da = K da . Viscous effects in these air vents causes squeeze film damping. The restoring force from this air slit is presented by [40] as
where C v is squeeze film damping coefficient, h slit is the depth of the air in the slit, d slit is the half of the width of the air slit, w slit is the total length of the air slit. µ air is air viscosity. L overlap is the length of the diaphragm that overlaps the substrate as seen in Figure ( 3). The overlap area behaves like a seal around the diaphragm and reduces the cut-off frequency. The chosen overlap length is 20 microns. Based on Figure (7) , the surface area of the diaphragm and overlap area may be thought of as two parallel plates to simplify the damping calculations. Using this idea we estimated the damping in equation (18) which gives a rough estimation of the damping coefficient for initial calculations. Applied external forces on the diaphragm and air slits due to incident sound wave are F = −PA + F rep and F a = −PA a . Hence, if we sum up all the forces we can find the response of the diaphragm by having a coupled equation as
where F rep is the repulsive force generated on the fingers attached to diaphragm and may be given as (V 2 /2).dC/dz. The effective stiffness is found in the same way described previously
dz 2 |(z 0 )) and will be denoted as K e for further calculations. The static equilibrium position of the diaphragm is solved by equation K e .z = V 2 /2dC/dz.
The vertical displacement of the center of the moving fingers is depicted in Figure (8a) for different cases. The figure shows that increasing the bias voltage results in a distinct response for each finger width. Moreover, we observed that the diaphragm will stay stationary beyond a certain voltage. Figure (8b) shows the normalized total capacitance versus applied bias voltage. Normalized values are obtained with respect to the maximum for each finger widths. Obtained maximum capacitance values are presented in the caption of the same figure. The largest slope is observed when width and thicknesses of the voltage applied fingers are 4 µm.
The response from the harmonic sound wave can be obtained by assuming z =Ze iωt and P =Pe iωt . Solving coupled equation gives the mechanical response (sensitivity) of the microphone. The transfer functions that predict the mechanical and acoustical sensitivities are found with the same method in Section (1).
). Equation (20) gives mechanical (H Pz 0 ), electrical (H z 0 V ) and acoustical (H PV ) sensitivities, respectively. Figure (8c ) presents the change in the capacitance as the bias voltage changes. Based on equations (20) , the data given in Figure (8c ) is important to estimate the sensitivity of the model, because higher slope of the capacitance indicates higher sensitivity. Hence, one can conclude that the microphone design that has the width and thicknesses of the voltage fixed fingers of 4 µm can achieve the highest sensitivity compared to other finger widths. For this case the response of the diaphragm is simulated in Figures (9a) ,(9b), (10a), and (10b).
Figure (9a) shows the mechanical sensitivity of the diaphragm for closed back volume. We observed that the electrical stiffness does not have a significant effect on the mechanical behavior for closed back volume. Figure (9b) shows the effect of back volume on mechanical sensitivity when electrical stiffness is not included. In this figure, the mechanical response of the diaphragm is simulated for different back volume scenarios. The thickness of a silicon wafer, which will be chosen in the fabrication process will be around 380 µm. However, effective back volume depth might be larger or smaller. Thus, many scenarios are considered. These results show that the stiffening effect of back volume reduces the sensitivity. One can improve the sensitivity by having larger back volume. In a previous study, Cui et al. [40] showed that it was possible to have larger back volume effect by drilling a hole in the ceramic substrate and package. In Figure (10a) we observed that when the back volume is open, the sensitivity increases up to certain bias voltage. This happens due to the rapid growth of electrical stiffness with respect to second power of applied bias voltage. When the back side is closed we observed that the larger the bias voltage, the higher the acoustical sensitivity, as depicted in Figure (10b) . Morever, we observed that the response of the diaphragm is very flat, which is a desired response in microphone design. It enables us to have a constant sensitivity at audible range of (20 Hz-20 kHz). 
CONCLUSION
In the present study, a microphone using the repulsive sensors is simulated. Because pull-in instability has been a significant and challenging design parameter for a MEMS device many alternative methods have been presented to avoid it. Using the repulsive force is one technique that has been only used for MEMS actuators to date. In this study we employ the repulsive force concept for capacitive sensing in a MEMS microphone. Our simulations show that the sensitivity can be improved much more by increasing bias voltage without facing instabilities. In addition, the back volume has a significant effect on the sensitivity of the microphone that has been thoroughly investigated here. The estimated sensitivities are promising compared to the reported values in the literature. This study can be a pioneer work for future applications of capacitive repulsive sensors.
